Hydrogen peroxide (H 2 O 2 ) as a widespread molecule plays an important role in plant stress responses. Here, we showed that an Arabidopsis line overexpressing hemoglobin 1 (AtGLB1) can enhance its tolerance to severe hypoxic stress. In our research, Arabidopsis lines with different hemoglobin levels were employed to study the relationship between H 2 O 2 level and the tolerance to hypoxic stress. The relatively low endogenous H 2 O 2 level of AtGLB1-overexpressing plants could be one of the main factors for the increased tolerance of plants to hypoxic stress. Further investigation indicated that the activity of the antioxidant system involved in scavenging H 2 O 2 increased in all three lines examined during hypoxic treatment, while only the line overexpressing AtGLB1 could retain these relatively high levels up to 48 h of the treatment, suggesting that the antioxidant system might play a role in the low H 2 O 2 level of Arabidopsis overexpressing AtGLB1.
Introduction
Hemoglobin (Hb) can be found in all the kingdoms of living organisms. In plants, there are at least three distinct types of Hb that have been categorized as symbiotic, non-symbiotic and truncated Hb (Dordas et al. 2003b) . While symbiotic Hbs found in legumes and other nitrogen-fixing plants function to transport oxygen during nitrogen fixation in symbiotic root nodules, non-symbiotic Hbs from rice, barley and Arabidopsis cannot serve as oxygen carriers, stores or sensors because of their high affinities, slow dissociation kinetics and low cellular concentrations (Arredondo-Peter et al. 1997 , Duff et al. 1997 , Trevaskis et al. 1997 , Hill 1998 .
Currently, a great effort has been focused on the characterization of the functions of non-symbiotic Hbs in plants. One class of non-symbiotic plant Hbs (class 1) has been shown to be induced in tissues exposed to hypoxic stress (Taylor et al. 1994 , Trevaskis et al. 1997 , which can lead to death of the plant. The overexpression of this stress-induced Hb in barley can enhance the tolerance to hypoxia (Sowa et al. 1998 , Sowa et al. 1999 , indicating a role for Hb in the response of plants to the stress. Sowa and colleagues also found that hypoxia had little effect on the energy status of cells overexpressing barley GLB and postulated that barley GLB was able to generate NAD + from NADH and increased flux through the glycolytic pathway to increase ATP production in the absence of mitochondrial respiration (Sowa et al. 1998 , Sowa et al. 1999 . However, the expression of genes from the fermentative and glycolytic pathway was not induced in 35S::AtGLB1 Arabidopsis plants in normal conditions. Therefore, changes in glycolytic flux might not be the main consequence of AtGLB1 overexpression (Hunt et al. 2002) . Recently, the involvement of H 2 O 2 in the response of plants to low oxygen stress has been evidenced. For example, a significant increase in the amount of H 2 O 2 caused by anoxia was shown in anoxia-intolerant wheat (Triticum aestivum) root, but not in the anoxia-tolerant yellow flag iris (Iris pseudacorus) rhizome parenchyma (Blokhina et al. 2001) , suggesting that H 2 O 2 might be a signal under low oxygen stress. In addition, low oxygen tension can stimulate a Rop signal transduction pathway, activating a diphenylene iodonium (DPI)-sensitive NADPH oxidase that results in increased H 2 O 2 production in Arabidopsis (Baxter-Burrell et al. 2002) . Taken together, the increased tolerance of the plants overexpressing Hb to hypoxic stress may be due to the relatively low H 2 O 2 level in the transgenic plants relative to wildtype plants, resulting from the influence of Hb on the equilibrium of formation and detoxification of H 2 O 2. However, this hypothesis remains to be tested experimentally.
All aerobic organisms have evolved a complex antioxidant system involved in scavenging H 2 O 2 , composed of nonenzymatic scavengers (such as ascorbate, glutathione and hydrophobic molecules) and detoxifying enzymes. The latter includes catalase (CAT; EC 1.11.1.6) and ascorbate peroxidase (APX; EC 1.11.1.11). CAT converts H 2 O 2 to H 2 O and O 2 , and APX, a key enzyme for controlling H 2 O 2 concentration, uses ascorbate as the electron donor for H 2 O 2 reduction (Elstner 1982 , Smirnoff 2000 . A recent report shows that cytosolic APX 1 is a central component of the reactive oxygen gene network of Arabidopsis (Davletova et al. 2005) . Ascorbate and glutathione are well known antioxidants, participating in the cellular defense of plants against oxidative stress. Biotic and abiotic stress conditions generally affect cellular ASC (reduced ascorbate) levels and/or the ascorbate redox status (defined as the percentage of ASC in the total pool of ascorbate) (Potters et al. 2004 ).
Nitric oxide (NO) as a free radical gas with an unpaired electron has also been suggested to play a role in the response of plants to hypoxic stress. Dordas and colleagues have measured the NO level in transgenic alfalfa roots producing barley Hb under hypoxic conditions and proposed that Hb may function to modulate NO levels in the plant cell (Dordas et al. 2003a) . Recently, this hypothesis was further evidenced by the fact that Arabidopsis GLB1 scavenges endogenous NO in vivo through production of S-nitrosoHb and reduces NO emission under hypoxic stress (Perazzolli et al. 2004) . While these results suggest that Hb plays its role via NO, it does not exclude the importance of H 2 O 2 in the hypoxic response of plants.
To test whether the increased tolerance of the plants with higher Hb levels to hypoxic stress was due to the relatively low H 2 O 2 level and if the antioxidant system played a role in this process, Arabidopsis lines with different Hb levels were employed to study the relationship between H 2 O 2 level and the tolerance to hypoxic stress in our research. When H 2 O 2 levels were examined in all three lines, much higher H 2 O 2 concentrations were evidenced in the Arabidopsis wild-type control and lines in which AtGLB1 expression was suppressed by an RNA interference (RNAi) technique whereas the relatively low endogenous H 2 O 2 level was present in AtGLB1-overexpressing plants that showed higher tolerance to hypoxic stress. In addition, the activities of the antioxidant system involved in scavenging H 2 O 2 were also measured during hypoxic treatment. While all of them were increased in all three lines, only the line overexpressing AtGLB1 could retain these relatively high levels up to 48 h of the treatment. Taken together, these results suggest that overexpression of AtGLB1 could be the cause of the relatively low level of H 2 O 2.
Results

AtGLB1 expression of Arabidopsis lines transformed with overexpression and RNAi constructs
One way to determine the role of AtGLB1 in plants is to increase or decrease the endogenous AtGLB1 content by transgenic methods. Earlier work has demonstrated that hypoxia induced the expression of Arabidopsis GLB1, and the increased level of AtGLB1 enhanced the ability of plants to survive hypoxic stress (Trevaskis et al. 1997 , Hunt et al. 2002 . To study further the role of AtGLB1 in plants, we have generated two Arabidoposis lines with an increased AtGLB1 level by expressing 35S::AtGLB1, or with a decreased AtGLB1 level by expressing an RNAi construct for AtGLB1. The changes of AtGLB1 mRNA in these two lines plus wild-type plants as control confirmed by Northern blot analyses were as expected (Fig. 1) . Whereas the transgenic line (D1) overexpressing AtGLB1 showed a substantially high level of AtGLB1 mRNA compared with the wild-type control, AtGLB1 mRNA was not detectable in the line R11 expressing the AtGLB1 RNAi construct under both normal and hypoxic conditions (Fig. 1) . The results also indicated that the induced expression of AtGLB1 in Arabidopsis under hypoxic stress as reported by others (Trevaskis et al. 1997) increased AtGLB1 mRNA about 10-fold in wild-type plants during stress (Fig. 1 ).
H 2 O 2 and survival rate of tansformants under hypoxic stress
To investigate whether there was any possible correlation between H 2 O 2 and survival rate of plants under hypoxic stress, the H 2 O 2 levels trapped in these transgenic lines and wild-type control were measured with hypoxic stress treatment. To do this, plants were exposed to 0.1% oxygen for 48 h, and H 2 O 2 amounts trapped in these treated plants were compared with the untreated counterparts. The amount of trapped H 2 O 2 varied in an inverse relationship to the level of AtGLB1 in the seedlings, with significant differences in H 2 O 2 level between each line (Fig. 2a) . After the treatment under hypoxic stress for 48 h, 15 nmol H 2 O 2 mg -1 protein in R11 seedlings was significantly higher than in seedlings of the wild type (12 nmol mg -1 protein) and D1 (6.2 nmol mg -1 protein). In addition, some of the seedlings were unable to recover upon re-oxygenation after 48 h hypoxia treatment, which was shown by survival rate measurement. While D1 had a high survival rate (80%), the survival rate was as low as 31% for wild type, agreeing with the result of Hunt et al. (2002) . Furthermore, taken together with the data that AtGLB1 was undetectable in R11, a very low survival rate (6%) and high H 2 O 2 accumulation for R11 lines, the results supported the finding that AtGLB1 attenuated concentrations of H 2 O 2 during hypoxia treatments, suggesting a role for AtGLB1 in the enhanced tolerance by decreasing the amount of H 2 O 2 trapped in plants.
Alcohol dehydrogenase activity in the transformants under hypoxic stress
It has been reported that the fermentation and glycolytic pathway genes including alcohol dehydrogenase are not induced by AtGLB1 overexpression under normal growth conditions, although the overexpression of AtGLB1 promotes the survival of seedlings after hypoxia (Hunt et al. 2002) . However, when alcohol dehydrogenase activity was measured under hypoxic stress, the activity increased significantly in each line regardless of the level of AtGLB1 (Fig. 2b) . However, the alco- hol dehydrogenase activity differed in different lines. R11 seedlings showed a more rapid and dramatic increase in alcohol dehydrogenase activity, about 2-fold higher than that of D1 seedlings after 48 h treatment. In wild-type seedlings, alcohol dehydrogenase activity increased gradually. These data showed that plants overexpressing AtGLB1 have lower alcohol dehydrogenase activity.
The enhanced tolerance to exogenous H 2 O 2 of plants overexpressing AtGLB1
Under normal growth conditions, D1 and R11 Arabidopsis lines are indistinguishable from wild-type plants in terms of seed germination, number of leaves, days required for flowering and seed maturation. The exposure to exogenous H 2 O 2 has been shown to cause death in many kinds of plant cells (Levine et al. 1994 , Houot et al. 2001 . Protoplasts are more sensitive to exogenous H 2 O 2 because the removal of cell walls reduces the cell's capacity to scavenge H 2 O 2 (Neill et al. 2002a) . Freshly isolated Arabidopsis protoplasts were treated with various concentrations of H 2 O 2 , and incubated immediately in the dark. After various times, the percentage of dead cells was determined by using an Evans blue staining assay. When leaf protoplasts were exposed to 4 mM H 2 O 2 for 24 h, all R11 cells were dead, whereas 10% of wild-type and 49% of D1 cells were still alive. Exposure of cells to 2 mM H 2 O 2 Fig. 2 Hypoxic stress induced the production of H 2 O 2 and the increase of ADH activity in wild-type (WT), AtGLB1-overexpressing (D1) and AtGLB1-suppressed (R11) Arabidopsis seedlings. (a) H 2 O 2 levels in WT, AtGLB1-overexpressing (D1) and AtGLB1-suppressed (R11) Arabidopsis seedlings before and after hypoxic stress treatment. Asterisks indicate significant differences at the 5% level between transgenic plants and wild-type plants under the same conditions. (b) Alcohol dehydrogenase (ADH) activity in WT, AtGLB1-overexpressing (D1) and AtGLB1-suppressed (R11) Arabidopsis seedling before and after hypoxic stress treatment. Asterisks indicate significant differences at the 5% level between plants treated with hypoxia and untreated controls. resulted in a time-dependent increase in the percentage of dead cells. Compared with the wild-type control, repression of cell death in the D1 cells was apparent. In contrast, R11 showed a marked cell death rate. In the absence of added H 2 O 2 , the cells of the three lines displayed no difference in the rate of cell death (Fig. 3b) . The results showed that protoplasts isolated from D1 exhibited more tolerance than those from R11 and wild type (Fig. 3) , suggesting a key role for AtGLB1 in the plant tolerance to H 2 O 2 .
When leaves on plants were infiltrated with various concentrations (up to 70 mM) of H 2 O 2 , no obvious death was observed in D1 leaves (Fig. 4) . However, treatment of wildtype leaves and R11 leaves with 70 mM H 2 O 2 for 7 d triggered cell death in leaves, which was confirmed by positive trypan blue staining of the wild type and R11. We also saw clusters of enlarged cells protruding above the abaxial leaf surface of R11 and wild-type leaves (Fig. 4) . These results indicated that AtGLB1 enhanced the plant tolerance to exogenous H 2 O 2 .
Assay of antioxidative enzymes and antioxidants
To test whether the antioxidant system is affected or not in the transgenic lines during hypoxic stress, several antioxidants and antioxidative enzymes were analyzed. Prior to hypoxia, there were no noticeable differences in the activities of antioxidative enzymes and concentration of antioxidants in Arabidopsis seedlings of the three lines. Upon the onset of hypoxia, CAT and APX activities increased and reached their maximum at 12 or 24 h treatment followed by a decrease in all three lines. However, while the activities in wild type and R11 at 48 h treatment were reduced to lower than the levels in the untreated plants, line D1 can still maintain relatively high activities of these two antioxidant enzymes, suggesting that these two enzymes may play a role in the plant tolerance to the hypoxic treatment (Fig. 5a, b) . The change in trend of CAT and APX agreed with the reports on the dynamics of antioxidative enzymes [superoxide dismutase (SOD), CAT and APX] in corn under flooding (Yan et al. 1996) and in mungbean under waterlogging (Ahmed et al. 2002) . A short-term hypoxia treatment led to an increase in the activities, while a prolonged treatment led to inhibition of the activities (Yan et al. 1996 , Ahmed et al. 2002 .
In addition, total and reduced ascorbate pools in all of these three lines were also investigated. Our results indicated that hypoxic treatment caused an increase in the content of total ascorbate and the ascorbate redox state during the early stages of hypoxia, which was consistent with the previous report with wheat seedlings (Biemelt et al. 1998) . Whereas the concentration of the oxidized forms (DHA) remained nearly constant, there was a significant increase in reduced forms (ASC), resulting in an increased redox state. With the duration of hypoxic stress, the ascorbate redox states and total ascorbate contents were decreased in the wild type and and R11 line, whereas they remained nearly unaltered in line D1 (Fig. 6) , similar to the changes of CAT and APX as stated above.
In contrast to the response pattern of the ascorbate pool, the content of GSH and GSSG remained nearly unaltered under hypoxia. For three Arabidopsis lines, there was a very small difference in the reduced and total glutathione between them (data not shown).
Discussion
Earlier work has proposed a number of physiological functions of plant Hb1, including roles in oxygen storage, sensing and detoxification of NO and/or other reactive species (Hill 1998 , Dordas et al. 2003b ). The role of Arabidopsis Hb1 in NO detoxification was confirmed by a recent report, though the kinetics of the NO detoxification reaction are slow (Perazzolli et al. 2004 ). The reaction of AtGLB1 with NO 2 -also implied its involvement in the metabolism of nitrogen oxides and reactive nitrogen species (RNS) (Sakamoto et al. 2004 ). However, AtGLB1 has multiple functions, and the interaction of AtGLB1 with other factors cannot be ignored. H 2 O 2 as a kind of reactive oxygen species is increased under different stresses and reported to have multifaceted functions in plant stress responses (Neill et al. 2002b , Dat et al. 2003 . It has been reported that the production of H 2 O 2 increased statistically in Arabidopsis suffering from low oxygen tensions (BaxterBurrell et al. 2002) . Here, we found that transgenic Arabidopsis lines overexpressing AtGLB1 can enhance the tolerance of Arabidopsis to hydrogen oxygen stress, thus increasing the survival rate of transformants after hypoxic stress. Further investigation indicated that the H 2 O 2 level was increased dramatically in either wild-type or R11 Arabidopsis seedlings during hypoxia, while it changed only a little in D1 seedlings. These results suggest that the enhanced tolerance of transgenic Arabidopsis may be a result of the relatively low level of H 2 O 2 in plants by some mechanisms under hypoxic conditions. It has been reported that low levels of H 2 O 2 may be sufficient for the induction of defense-related genes (Levine et al. 1994) . Thus, the antioxidant system involved in scavenging H 2 O 2 was also analyzed in our experiment. Interestingly, our results indicated that the activities of CAT and APX and the ascorbate content were, indeed, increased in all three lines examined during the stress treatment, while only D1 can retain these relatively high levels up to 48 h of the treatment, suggesting that the antioxidant system may play an important role in the low H 2 O 2 level of Arabidopsis overexpressing AtGLB1. However, how this Arabidopsis maintains the high level of these antioxidants for a longer time compared with control lines remains unknown currently. Early studies by Sowa and co-workers have shown that barley GLB had a significant effect on sustaining ATP levels and ATP/ADP ratios of cells during hypoxia (Sowa et al. 1998 , Sowa et al. 1999 ). Therefore, AtGLB1 might also help to sustain the energy status of cells during hypoxia. The active biosynthesis of antioxidative enzymes and antioxidants, which is blocked by depletion of ATP levels, could continue for a certain time period and the high levels of these antioxidants could be maintained for longer time periods in Arabidopsis overexpressing AtGLB1 when compared with control lines.
The correlation between the death rate of Arabidopsis seedlings after hypoxia, the level of AtGLB1 and the cellular level of H 2 O 2 suggested that AtGLB1 may play its role by decreasing cellular H 2 O 2 levels and thus enhance the tolerance of Arabidopsis to hypoxia, a stress condition generating copious amounts of H 2 O 2 . However, how AtGLB1 achieves this is still unclear. The activity of the antioxidant system might contribute to the tolerance of Arabidopsis overexpressing AtGLB1 to H 2 O 2 stress. Alternatively, a recent report indicated that AtGLB1 exhibited peroxidase-like activity (Sakamoto et al. 2004) . Based on these results, we may also explain our observation of the enhanced tolerance of Arabidopsis overexpressing AtGLB1 to hypoxia by Hb1 scavenging H 2 O 2 directly, thus decreasing the H 2 O 2 level and increasing the H 2 O 2 tolerance. This needs to be tested further experimentally.
Materials and Methods
Plant material and growth conditions
In all experiments, Arabidopsis Columbia ecotype (Col-0) seeds were surface sterilized and sown on MS germination medium containing 0.8% agar with 50 µg ml -1 of kanamycin for transgenic seed. After chilling at 4°C for 2 d, seeds were incubated at 22°C in growth chambers. The plates for hypoxia treatment experiments were placed vertically in racks and the other plates were placed horizontally. Seedlings were transplanted a week later to vermiculite in a greenhouse at 22 ± 2°C. Plants were grown under a long-day light cycle (16 h light/8 h dark).
Production of transgenic lines
Two primers (5′ CGGGATCCATGGAGAGTGAAGGAAAGA-TTGTG 3′ and 5′ CGGGATCCTTAGTTGGAAAGATTCATTTCAG-CTTT 3′) were used to amplify the full open reading frame (ORF) of the AtGLB1 gene from the Arabidopsis cDNA library (PRL-2) (Biological Resource Center at Ohio State, OH, USA). The PCR product was digested with BamHI and subsequently cloned into the BamHIdigested expression vector pMD (Scofield et al. 1996) , which produced 35S::AtGLB1. For AtGLB1 RNAi constructs, the PCR product was digested and double inserted into BamHI and XhoI/SacI sites with different orientations of pBIi that was made by placing the fourth intron of Arabidopsis tubby-like protein into the BamHI/XhoI site of pBIm (Hua et al. 2004) . After sequencing to confirm insert sequences and orientations, the recombinant constructs were transformed into Agrobacterium tumefaciens strain GV3101 and introduced into Arabidopsis plants by the floral dip method (Clough and Bent 1998) . All work was conducted with homozygous T3 plants and wild-type plants.
Plant treatments
The three Arabidopsis lines were treated with hypoxic stress (0.1% oxygen). The plates with 7-day-old seedlings were put into a jar vertically and the jar was sealed immediately and continuously flushed with 0.1% oxygen (the gas was obtained from Special Gas Company of WISGCO Oxygen Corporation Ltd., Wuhan, Hubei, PR China) at an approximate rate of 0.2 liters min -1 for 48 h. Then the jar was kept at 22°C in the dark. The exhaust gases were flushed through a water trap. Controls without hypoxic stress treatments were left in the culture room during the treatment period. To test the effect of exogenous H 2 O 2 on cell death of Arabidopsis plants, the method proposed by Zhang et al. (2003) was followed. The first true leaves from 5-week-old plants were infiltrated using a needleless syringe with either H 2 O 2 or water. Leaves were excised from plants at 1, 2 and 7 d after infiltration and stained with a lactophenol-trypan blue solution (Rate et al. 1999) . The leaves were detected under an Olympus IX70 microscope (Olympus Corporation, Tokyo, Japan) and images were collected by a cooled CCD system (Diagnostic Instruments, Inc., Sterling Heights, MI, USA).
RNA extraction and hybridization
Total RNA was isolated from Arabidopsis seedlings with TRI-ZOL ® (Invitrogen, Carlsbad, CA, USA) (Zhang et al. 2002 , Ma et al. 2004 and Northern blotting was performed as described previously (Hua et al. 2003 . Briefly, 20 µg of total RNA was denatured in 50% (v/v) formamide, 6% (v/v) formaldehyde and 0.0025% (w/v) ethidium bromide for 5 min at 65°C, separated on a 1.2% formaldehyde agarose gel and transferred onto nylon transfer membranes (NYTRAN ® ). Membranes were pre-hybridized for 3 h at 42°C and hybridized overnight at 65°C in the solution containing 0.5 M NaH 2 PO 4 pH 7.0, 7% (w/v) SDS with the 32 P-labeled specific AtGLB1 probe, which was generated by random primer labeling using a Prime-a-Gene ® Labeling System (Promega, Madison, WI, USA) according to the manufacturer's instructions. Washing was performed at 65°C successively in 2× SSC, 1% (w/v) SDS for 5 min, then with 1× SSC, 1% (w/v) SDS for 5 min and finally with 0.1× SSC, 1% (w/v) SDS for 5 min. Autoradiography was done at -80°C.
H 2 O 2 levels were measured according to the existing protocols (Terashima et al. 1998 , Baxter-Burrell et al. 2002 . Tissue (0.5 g) was homogenized under liquid nitrogen, hydrated in 3 ml of 5% (w/v) metaphosphoric acid and centrifuged at 1,500×g at 4°C for 20 min. The pH of the supernatant was adjusted to pH 7 with 1 M tricine and 6 M NaOH. H 2 O 2 levels were measured in a reaction containing 480 µl of 200 mM MOPS-KOH (pH 7.8), 100 µl of the extract and 2.4 µl of 50 mM NADH in 10 mM potassium phosphate (pH 7.8). Absorbance at 340 nm was measured, 0.5 U of Streptococcus faecalis NADH peroxidase (Sigma, St. Louis, MO, USA) was added, the sample was incubated for 1 h and absorbance at 340 nm was re-measured. H 2 O 2 levels were determined from the decrease in absorbance in 60 min using a standard curve generated from similarly processed H 2 O 2 standards.
Assay of alcohol dehydrogenase activity
The activity of ADH was measured according to Chung and Ferl (1999) . Fresh tissue was ground in a mortar and pestle with liquid nitrogen and extracted with extraction buffer containing 50 mM TrisHCl, pH 8.0, and 15 mM dithiothreitol (DTT). The extract was centrifuged at 12,000×g for 20 min at 4°C and the supernatant was assayed for alcohol dehydrogenase activity and protein content. The enzyme reaction mixture contained 50 mM Tris-HCl, pH 9.0, 0.867 mM NAD + and 0.04 volume of extract. The enzyme reaction was initiated by addition of ethanol to 20% (v/v) final concentration of the reaction mixture, and the A 340 was measured every 15 s for 60 s. Activity was calculated as µmol min -1 mg -1 of protein.
Protoplast preparation and determination of dead fractions Protoplasts were prepared as described by Asai et al. (2000) . First, the cell walls were digested with 1% (w/v) cellulase and 1.5% (w/v) pectinase in 0.48 M mannitol supplemented with 0.5% (w/v) bovine serum albumin (BSA), pH 5.4. Protoplasts were separated from cell clumps by filtration through a 150 pm wire mesh screen, recovered by centrifugation, washed, and resuspended in ice-cold buffer (0.48 M mannitol, pH 5.8) at a density of 2×10 6 protoplasts ml -1 . After taking three samples for the initial cell count, the protoplast suspensions were treated with H 2 O 2 and incubated at 22°C in the dark. After incubation, three samples were withdrawn, and an equal volume of Evans blue in 0.48 M mannitol was added to the samples to a final concentration of 0.04%. The suspension was incubated for 10 min, and the number of stained cells was determined under an Olympus IX70 microscope (Japan) with a hemacytometer. The fraction of dead cells was calculated by dividing the number of dead cells after incubation by the initial cell count.
Assay of antioxidative enzymes
Frozen seedlings were macerated to a fine powder in a mortar and pestle under liquid N 2 . Except for APX where 5 mM ascorbate was included in the extraction buffer, soluble proteins were extracted by homogenizing the powders in 100 mM potassium phosphate buffer (pH 7.5) containing 2 mM EDTA, 1% polyvinylpyrrolidone (PVP)-40 and 1 mM phenylmethylsulfonyl fluoride (PMSF). Insoluble material was removed by centrifugation at 15,000×g for 20 min at 4°C. The soluble part was used for enzyme assays and protein concentration determination with the method of Bradford (1976) using BSA as a standard. CAT was assayed spectrophotometrically at 25°C in a reaction mixture containing 50 mM potassium phosphate buffer, pH 7.0, 11 mM H 2 O 2 and seedling homogenate. The activity was determined by monitoring H 2 O 2 destruction at 240 nm (Aebi 1984) . APX activity was determined by following the oxidation of ascorbate as a decrease in A 290 (Nakano and Asada 1981) . The assay was carried out at 20°C in a reaction mixture containing 50 mM potassium phosphate, pH 7.0, 250 µM ascorbate, 1 mM H 2 O 2 and seedling homogenate. The change in absorbance was recorded from 10 to 30 s after addition of H 2 O 2 . Correction was done for the oxidation of ascorbate by H 2 O 2 in the absence of the seedling homogenate.
Assay of ascorbate and glutathione
Seedling samples were ground in liquid N 2 and then in 1.0 M HClO 4 . The extract was clarified by centrifugation. An aliquot of the supernatant was neutralized with K 2 CO 3 . Insoluble KClO 4 was removed by centrifugation and aliquots of the supernatant were used for assay of ASC and total ascorbate (ASC plus DHA) as described by Foyer et al. (1983) via the decrease in A 265 after the addition of ascorbate oxidase. GSH and total glutathione (GSH plus GSSG) were measured by the method of Griffith (1980) . The endogenous GSH and total glutathione (GSH plus GSSG) were estimated via the increase in A 412 after the addition of glutathione reductase and NADPH.
Statistical analysis
The data presented are the mean ± SE of three independent experiments. Statistical differences between measurements at different times or on different lines were analyzed following the two-tailed ttest. Differences were considered significant at a probability level of P < 0.05.
